Introduction and Objectives
Solifluction is a slow periglacial mass movement caused by frost creep and gelifluction (French, 2007) . While frost creep is the downslope movement of soil particles originating from frost heaving normal to the slope followed by nearly vertical thaw consolidation, gelifluction is the saturated soil movement associated with ground thawing (Washburn, 1979) . Solifluction is considered to be the most widespread slow mass wasting slope process in periglacial environments (Matsuoka, 2001) . Over the past few decades, a significant number of studies have addressed solifluction movement rates in relation to sediment transport and environmental conditions. Recent studies also suggest that similar processes may have been active on Mars (Gallagher et al., 2011; Johnsson et al., 2012) . Our understanding of solifluction processes has also benefited from laboratory experiments where environmental conditions can be controlled (Kern-Luetschg and Harris, 2008; Harris et al., 2008a) . Solifluction-derived landforms are distributed in regions with mean annual temperatures ranging from −20 to 7 °C; most of the data on solifluction processes are referred to wet mid-latitude mountain ranges and high latitudes (Matsuoka, 2001 ). There is a clear lack of studies focusing on solifluction processes in mid-latitude semi-arid mountain environments.
In the Iberian Peninsula, there has been substantial progress in the past several decades in research on periglacial processes, with many research groups studying the dynamics of cold-climate geomorphological processes in the Iberian mountains (Gómez Ortiz and Vieira, 2006) . However, very few papers have examined solifluction processes in Iberian mountain ranges (Chueca and Julián, 1995; Palacios et al., 2003; Gómez Ortiz et al., 2005) . In former studies, we presented the first results of an experiment implemented in Sierra Nevada, southern Spain, to monitor solifluction processes . Preliminary data showed very slight solifluction activity during a two-year monitoring period, suggesting a crucial role of water availability in the movement of the solifluction landforms. As climate conditions are highly variable in this semiarid Mediterranean massif, a longer record on solifluction processes was needed to substantiate preliminary conclusions.
The purpose of this paper is to report the final results of this experiment, presenting the longest continuous record for solifluction rates in a high massif of the Mediterranean Basin. We introduce new data on the movement rates of tens of solifluction landforms, soil temperatures in these periglacial features, and climate conditions in the summit area of this massif from 2005 to 2011. The contemporary sediment transport rates due to solifluction processes are also related to the present-day climate regime.
Study Area
Sierra Nevada is the highest massif of the Betique range and of the entire Iberian Peninsula, with peaks exceeding 3000 m a.s.l. in its western fringe (Mulhacén, 3478 m; Veleta, 3398 m) . This massif is the most studied mountain area of the Iberian Peninsula with respect to present and past cold-climate geomorphological processes (Gómez Ortiz et al., 2005 , 2012 . During the Pleistocene glaciations, glacial processes shaped the highest lands in Sierra Nevada (above 2500 m), a sparsely vegetated environment today dominated by seasonal frost with active and widespread periglacial landforms. Permafrost conditions have been detected only in isolated patches at the Mulhacén and Veleta cirques (Gómez Ortiz et al., 2005) . At 2500 m, the average annual air temperature is 4.4 °C and precipitation reaches 710 mm per year .
Hundreds of solifluction landforms are distributed in the headwaters of the highest glacial valleys in Sierra Nevada. They show a large variety of morphologies and dimensions, and the majority is densely vegetated ). Up to 17 solifluction features concentrated in four study areas from San Juan and Rio Seco valleys have been monitored in this study (Fig. 1) . These solifluction landforms are turfbanked lobes, stone-banked lobes, turf-banked terraces,
Abstract
In the highest land of the Sierra Nevada National Park, an experiment to monitor solifluction rates together with the thermal regime of the ground was implemented during the period [2005] [2006] [2007] [2008] [2009] [2010] [2011] . Data show evidence of the low activity of solifluction processes in the present-day periglacial belt of Sierra Nevada. Annual displacement rates were lower than 1 cm yr -1 both in northern and southern slopes. Solifluction was more active near snow patches and streams. Rates were also higher during snowier years. Soil temperatures showed seasonal frost occurrence, though the depth and duration of the frozen layer is strongly conditioned by the annual snow cover. Water availability appears to be a crucial factor for solifluction processes in this semiarid environment.
ploughing boulders, and solifluction steps ). The U-shaped glacial valley of San Juan is located on the northern slope of the mountain, with lobes distributed in two elevation belts: SJA (2844-2911 m) and SJB (2787-2843 m). In the southern glacial cirque of Rio Seco there are two areas of significant solifluction features: RSA (2987-3005 m) and RSB (2931-2952 m).
Through monitoring landforms located in different sites in terms of topography, altitude, and aspect-but similar slope gradients between 8° and 12°-we may infer the most appropriate environments for active solifluction processes today in this semiarid massif. The presence of a steeply sloping lobe riser, a dense grass cover, intact root network, and formation of thin A horizons suggests very low activity under current climate conditions . Moreover, sedimentological studies also show evidence of other phases during the middle to late Holocene with much more intense solifluction activity than today (Oliva et al., 2011) .
Methodology
The methodology used in this research is described in Oliva et al. (2009) , where we also presented the type and characteristics of the solifluction landforms monitored in this experiment. Up to nine wooden stakes in each lobe (50 cm long × 3 cm diameter) were inserted ~45 cm in the ground next to the lobe tread for monitoring the movement of the solifluction landforms. It must be taken into account that movement rates vary across a solifluction landform (van Everdingen, 2005; Kinnard and Lewkowicz, 2005; Harris et al., 2008b) , hence data discussed here represent an average of the displacements of these landforms. Annual surface solifluction rates were obtained by annually measuring (in late August) the relative displacement of the stakes according to the benchmarks drawn on each stake . Data presented in this paper correspond to the average of the displacements of the peg lines in each of the study areas. In accordance with current legislation in the National Park of Sierra Nevada, all the stakes had to be removed at the end of the experiment. Universal Temperature Loggers (UTL-1) were installed in a solifluction lobe in the Rio Seco cirque at 3005 m to monitor ground temperatures at depths of 2, 10, 20, 50, and 100 cm every 2 hours. Unfortunately, no data on soil moisture content is available. Air temperatures were recorded by a temperature logger installed at the summit of the Veleta peak. Since no data of snow thickness were available for the summit area, we use monthly precipitation from the nearby weather station of Granada (~15 km) as an approximate reference for precipitation considering the high correlations between the precipitation in Granada and in the summits of the massif, and taking into account that 80% falls as snow above 2500 m (Oliva and Moreno, 2008; 
Results
The displacement of the monitored lobes in the valley of San Juan followed a very similar pattern during all the years of the study, with higher solifluction rates recorded at those lobes located at higher elevations (Fig. 2) . In SJA the mean annual rates of movement of the stakes between 2005 and 2011 ranged from 0.4 to 0.8 cm yr -1 , while in SJB, rates oscillated between 0.3 and 0.5 cm yr -1 . The last four years had on average greater rates of movement than the first two, in both areas, especially in the case of SJA. This pattern is also observable in the number of stakes that showed movement, reaching 80%-90% in the last four years in San Juan, with consistently higher rates in SJA.
The data reveal a lower activity of solifluction processes in Rio Seco than in San Juan. Rates of movement in RSA varied between 0.2 and 0.5 cm yr -1 , while in RSB they ranged from 0.3 to 0.5 cm yr -1 . The rates of movement were also greater during the last four years, similar to those in San Juan valley. Moreover, the number of stakes that exhibited movement was also significantly lower than the pattern observed in San Juan, between 10%-20% in RSA and 40%-60% in RSB. Therefore, a very significant percentage of stakes in both areas of the southern cirque of Rio Seco showed no displacement.
The year [2005] [2006] was the driest of the study period, and movement rates varied between 0.2 and 0.4 cm yr -1 (Fig.  3) . No data for ground temperatures are available during this year. The dry conditions in late autumn and early winter 2006 favored the rapid formation of a deep frozen layer that lasted until June 2007. The thawing of the most superficial centimeters occurred during the snow melt period, after heavy snowfalls in spring that supplied abundant water to the ground. At 10 cm depth, several freeze-thaw cycles were recorded during these days, and the soil at 30-60 cm remained frozen for two more weeks. The saturation of the soil facilitated surface movements that were higher than those recorded the year before, between 0.3 and 0.6 cm yr -1 . A similar pattern, with abundant snowfalls in late spring after a dry winter, was observed during the year 2007-2008, though a period of superficial thawing occurred in April. The combination of a deep frozen layer and greater water availability promoted higher solifluction rates, oscillating between 0.4 and 0.75 cm yr -1 . The three following years (2008-2009, 2009-2010, and 2010-2011 ) had a consistent soil temperature regime that was significantly different from the previous years. The stabilization of the snow cover in late autumn by early and abundant snowfalls conditioned a very shallow and short frozen layer. The thicker snow cover during these years was parallel to a slight increase of solifluction rates in both valleys (0.4-0.5 to 0.8 cm yr (Table 1 ). The proportion of the stonebanked lobes that showed displacement was always higher than the turf-banked lobes, ranging from two to three of the three monitored units. Movement was reported during all the years of the period in the case of the monitored ploughing boulder, while it was never recorded in the solifluction steps. The turf-banked terrace only showed displacements during the snowier years of 2008-2009, 2009-2010, and 2010-2011. 
Discussion and Conclusions
In August 2011, we closed a pioneering experiment of solifluction control in the context of Mediterranean mountain ranges that was implemented between 2005 and 2011 in the highest western valleys of Sierra Nevada. Although periglacial landforms and processes have been described as being active today above 2500 m (Gómez Ortiz et al., 2005) , data show evidence of very low solifluction rates (0.2 to 0.9 cm yr -1 ) with significant interannual variability. Assuming the limitation of not having direct measurements of snow cover and soil moisture conditions in this experiment, we confirm preliminary results that pointed to the crucial role of water availability and snow patches controlling solifluction processes in this semiarid environment ). The importance of snow patches in triggering solifluction processes during the melt season has been described in other solifluction environments with high moisture conditions, such as in Scandinavia (Seppälä, 1993; Matthews et al., 2005; Harris et al., 2008b) . As suggested by the data presented here, in this Mediterranean alpine range with very intense insolation and dry summer conditions, the importance of snow patches for solifluction may be even higher than in moist periglacial environments.
The distribution of long-lying snow patches in Sierra Nevada is strongly controlled by the orientation of the valleys, with northerly exposed valleys having longer duration of snow cover (Oliva, 2009) . In Sierra Nevada, solifluction landforms are mostly distributed below snow patches, as can be seen in Figure 1 . The proximity of solifluction landforms to snow patches lengthens the water runoff period, which in turn enhances slow mass movement periglacial processes during late spring and early summer. Therefore, in Sierra Nevada it is mainly at this time of year that solifluction processes are active, when the snow melts and provides abundant water that saturates the first decimeters of the soil, favoring the slow movement of the overlying soil mass. In autumn the dryness of the ground and the lack of a frozen layer beneath the surface impede solifluction processes.
In the northern valley of San Juan, solifluction rates are higher (0.3 to 0.9 cm yr -1 ) than in Rio Seco (0.2 to 0.5 cm yr -1 ), despite the fact that lobes in the latter are located 100-150 m higher. Rates are also higher in better-drained areas of each valley (SJA and RSB). Therefore, water supply rather than altitude (i.e., temperature) conditions solifluction activity in this range. The control of water availability on solifluction processes is also confirmed by the distribution of the monitored landforms with the highest solifluction displacements, which were always located near long-lying snow patches and streams (Oliva, 2009) . Accordingly, changes in the total precipitation and its distribution throughout the year result in notable changes in solifluction activity. Solifluction rates showed similar trends in all the study areas during the monitoring period: rates were higher during wetter (snowier) years, which implied larger water availability during the snowmelt season.
Together with water availability, another limiting factor for active solifluction processes is the presence of a dense vegetation cover (Ulfstedt, 1993) . In this sense, solifluction landforms in Sierra Nevada with abundant gravels at the surface (e.g., stone-banked lobes) showed more displacement than lobes covered by vegetation with low gravel content (e.g., turf-banked lobes).
While solifluction processes in permafrost environments are strongly controlled by the depth of thaw penetration in summer (Harris et al., 2011) , in the periglacial belt of Sierra Nevada-a semiarid environment today dominated by seasonal frost occurrence, without permafrost conditions-the depth of the frost penetration in winter is not a crucial variable for enhancing solifluction. The timing of the first snowfall and subsequent stabilization of the snow cover is decisive in insulating the soil from external temperature variations. Ground temperatures in a solifluction landform of Rio Seco cirque showed evidence of the large control of the snow cover on the rhythm and intensity of freezing. The number of freeze-thaw cycles at 10 cm depth was significantly lower than those recorded at Veleta Peak (Fig. 3, part d) . The role of diurnal freeze/thaw cycles in promoting movement rates in the first centimeters of the ground was highlighted by Matsuoka (2005) in the Japanese and Swiss Alps. In Sierra Nevada, in autumn, when the ground is dry, little frost heave and thaw settlement is expected, but in late spring and early summer, when the soil is still wet, there appears to be a considerable potential for diurnal heave and settlement, and hence frost creep. However, very few stakes became tilted downslope over the study period, suggesting higher rates of movement at the surface than at depth.
Although the goal of the present paper is not to identify the magnitude of the different components involved in solifluction processes (frost creep and gelifluction), data suggest that these mechanisms in Sierra Nevada may be substantially conditioned by the annual climate regime. Years with a thin snow cover promoted the formation of a 60-to 70-cm-deep frozen layer with low solifluction rates (2006) (2007) (2007) (2008) . The low soil moisture contents may have been more favorable for diurnal/annual frost creep. Conversely, years with a thick snow cover favored the development of a very shallow frozen ground that thawed in early to mid winter (2008-2009, 2009-2010, 2010-2011) . During these years, the presence of long-lying snow patches may raise the moisture content of the thawed soil and promote gelifluction (Matsuoka, 2001) . In contrast to what happens in areas such as the Austrian Alps, where dry years promote the development of a deep seasonal frost layer and enhance solifluction (Veit, 1993) , in Sierra Nevada solifluction processes are more intense during snowier years where the ground remains mostly unfrozen and prevents winter frost penetration (Fig. 3) .
In conclusion, solifluction in the periglacial environment of Sierra Nevada is a shallow and very slow process under presentday climate conditions. The magnitude of solifluction rates in Sierra Nevada is more similar to the rates reported from polar latitudes and dry mid-latitude mountain areas (<5 cm yr -1 ) than to those reported for subpolar regions and wet alpine environments (up to 40-50 cm yr -1 ; Matsuoka, 2001; Oliva et al., 2009) . 
